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Chiral compounds are of steadily increasing importance
to the chemical industry, in particular for the production
of pharmaceuticals. Where do these compounds come
from? Apart from natural resources, two synthetic
strategies are available: asymmetric chemical catalysis
using transition metal catalysts and biocatalysis using
enzymes. In the latter case, screening programs have
identified a number of enzymes. However, their enan-
tioselectivity is often not high enough for a desired
reaction. This problem can be solved by applying
directed evolution to create enantioselective enzymes
as shown here for a lipase from Bacillus subtilis . The
reaction studied was the asymmetric hydrolysis of meso -
1,4-diacetoxy-2-cyclopentene with the formation of chiral
alcohols which were detected by electrospray ionization
mass spectrometry. Iterative cycles of random mutagen-
esis and screening allowed the identification of several
variants with improved enantioselectivities. In parallel,
we have started to use X-ray structural data to simulate
the Bacillus subtilis lipase A-catalyzed substrate hydro-
lysis by using quantum mechanical and molecular
mechanical calculations. This combined approach
should finally enable us to devise more efficient strate-
gies for the directed evolution of enantioselective en-
zymes.
Keywords: Directed evolution; Enantioselectivity; Lipase; Esterase;
Bacillus subtilis ; Saturation mutagenesis
INTRODUCTION
The world market for enantiomerically pure com-
pounds is increasing, with the worldwide sales
volume for single enantiomers reaching $6.63 billion
in 2001 (Stinson, 2001). The necessity to use enantio-
merically pure compounds as active ingredients in
pharmaceuticals will result in a further sales volume
increase for enantiomerically pure building blocks to
reach $15.1 billion in 2005 (Rouhi, 2002). When
looking at the chiral drugs market, the numbers
are even more impressive: in 2001, single enantiomer
drug sales reached $147 billion, which corresponds
to a market share of 36% for the worldwide
pharmaceutical products (Rouhi, 2002).
Single enantiomers become available either by
isolation from natural sources (the so-called chiral
pool) or by asymmetric chemical catalysis using
transition metal catalysts. In addition, biocatalysis
has evolved as an attractive alternative, with lipases
being the most widely used enzymes which work in
aqueous as well as organic solvents and catalyze a
large variety of different reactions with a high
substrate specificity and stereoselectivity (Jaeger
and Eggert, 2002; Reetz, 2002). However, biocatalysts
generally suffer from the disadvantage that for a
given synthetic transformation of interest, A0/B,
enantioselectivity may well be poor. This problem
can be solved by improving the enantioselectivity of
enzymes using directed evolution (for reviews see
Bornscheuer and Pohl, 2001; Jaeger et al. , 2001; Reetz
and Jaeger, 2002). This strategy includes (i) the
generation of mutant enzyme genes using different
mutagenesis methods like error-prone polymerase
chain reaction, saturation mutagenesis and in vitro
recombination (Stemmer, 1994a,b; Zhao et al., 1998;
Shao et al., 2000; Lutz et al., 2001), (ii) followed by
gene expression to generate the corresponding en-
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zyme variants (Rosenau and Jaeger, 2003) and (iii)
high-throughput screening for enantioselectivity
(Reetz, 2001).
One general problem in evolving (enantioselec-
tive) enzymes concerns the choice of an appropriate
mutagenesis method to be used for generating a first
generation library. In most cases, epPCR is used
followed by recombinative methods and/or satura-
tion mutagenesis. However, single base substitutions
introduced by epPCR result in a limited number of
amino acid exchanges introduced into the enzyme.
In other words, only a small part of the total
sequence space is susceptible to mutagenesis and
alternative methods must be applied to generate a
first generation library of high diversity (Eggert and
Jaeger, 2003).
We have used directed evolution to improve the
enantioselectivity of Bacillus subtilis lipase A (BSLA)
in the asymmetric hydrolysis of meso-1,4-diacetoxy-
2-cyclopentene with the formation of chiral alcohols
(Fig. 1). Different directed evolution strategies were
compared to evaluate their potential for the efficient
creation of enantioselelective BSLA variants.
MATERIALS AND METHODS
Heterologous Expression of BSLA in Escherichia
coli
The lipase gene lipA lacking a 93 bp fragment at the
5?-end which encodes its signal sequence was
amplified by standard PCR using the upstream 30
bp primer BSLA1 5?-ATATGATATCGCTGAACA-
CAATCCAGTCGT-3?, the downstream 29 bp-primer
BSLA2 5?-TATAGAGCTCTCATTAATTCG-
TATTCTGG-3? and genomic DNA from B. subtilis
168 (obtained from the Bacillus Genetic Stock Center,
Ohio, USA) as a template. Unique EcoRV and Sac I
restriction sites were introduced and used to clone
the resulting 557 bp PCR product into the corre-
sponding restriction sites of the Escherichia coli
expression plasmid pET22b (Novagen, Madison,
USA) giving pET22lipA.
Standard PCR Conditions
Amplification of DNA fragments was performed in
a 50 ml reaction mix containing 1 ng plasmid- or 10
ng genomic-DNA as the template, 25 pmol of each
primer, 0.2 mM dNTP’s, 2.5 U Taq - (Eurogentec,
Seraing, Belgium) or Pfu - (Stratagene, Heidelberg,
Germany) polymerase. Buffers containing MgCl2 or
MgSO4 were used as recommended by the manu-
facturers. Conditions for PCR were as follows: 1/(3
min 988C); 35/(1 min 958C; 2 min 588C, 1 min 728C)
and 1/(7 min 728C). The PCR reaction was per-




Random mutagenesis of the whole B. subtilis lipase
gene was performed by error-prone polymerase
chain reaction (epPCR) (Zhou et al., 1991). The upper
30 bp primer mut1up 5?-CTCCTC-
GCTGCCCAGCCGGCGATGGCCATG-3? and the
lower 29 bp primer mut1low 5?-GCCGCAAGCTT-
GTCGACGAGCTCTCATTA-3? were used in a stan-
dard PCR reaction to introduce unique Mls I and
Hind III restriction sites for direct cloning into the
expression vector pET22b. An error rate of 2/4 base
substitutions per gene was achieved by using the
following reaction mix: 5 pmol of each primer, 75
mM Tris/HCl buffer (pH 8.8), 20 mM (NH4)2SO4, 6.0
mM MgCl2, 0.15 mM MnCl2, 0.2 mM dNTPs, 0.1%
Tween 20, 1 ng template DNA (pET22lipA plasmid)
and 2.5 U Taq -polymerase (Eurogentec, Seraing,
Belgium). For epPCR with lower or higher error
rates, the concentration of MnCl2 was varied as
described elsewhere (Jaeger et al. , 2001).
Single- and Multiple-site Saturation Mutagenesis
Saturation mutagenesis was performed using a
megaprimer PCR mutagenesis method as described
by Barettino et al. (1994). In the first PCR reaction,
the megaprimer harboring the desired point muta-
tion(s) was amplified by using a mutagenesis primer
FIGURE 1 The asymmetric hydrolysis of the model compound meso -1,4 diacetoxy-2-cyclopentene was determined by using a high-
throughput ESI-MS system. The substrate (pseudo-meso -1,4-diacetoxy-2-cyclopentene) was deuterium labeled to follow the formation of
chiral alcohols (2) and (3) by differences in their mass spectrum.
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carrying a randomized codon at the desired position
and the upstream primer mut1up. In the second PCR
reaction, the full-length gene was amplified using
the megaprimer together with mut1up and an
additional downstream primer mutSlow 5?-ATA-
TAAGCTTCAGCAAACAGCTATGACCATGATAT-
CGAATTC-3?.
For multiple-site saturation mutagenesis (MSSM),
the megaprimer method was used with mutagenesis
primers simultaneously saturating three amino acid
positions: MSSM1 5?-AATCAGGCTGTTGACSNN-
GCTGCTGTASNNAAGGCCSNNGTGTCCAACGC-
CATG-3? and MSSM2 5?-TTCATCTAAAACCTT-
SNNCACSNNTCGTGATAATACCGGTCC ATTSN-
NATAATTTGTGCCTGT-3? (mutated codons are un-
derlined). MSSM1 introduced mutations at amino
acid positions 50, 58 and 60; and MSSM2 at amino
acid positions 157, 160 and 164.
Expression and Screening
The PCR-amplified lipA mutant genes were cloned
into vector pET22b (Novagen, Madison, USA) and
the resulting plasmids were transformed into E. coli
BL21(DE3) (Novagen, Madison, USA). The clones
were cultured at 378C in 96 deep well microtiter
plates filled with 1 ml of LB/M9 medium (10 g/l
tryptone, 5 g/l yeast extract, 5,5 g/l NaCl, 4 g/l
glucose, 0.25 g/l MgSO4/7H2O, 0.02 g/l CaCl2, 7
g/l Na2HPO4/2H2O, 3 g/l KH2PO4, 1 g/l NH4Cl)
supplemented with 100 mg/ml carbenicillin. After 6
hours of shaking at 378C (OD580/0.5/0.7) lipase
expression was induced by adding isopropyl-b-D-
thiogalactoside (IPTG) to a final concentration of 0.3
mM. The induced culture was grown at 378C and the
cells were separated from the culture by centrifuga-
tion at 5000 g for 10 min. An aliquot of 100 ml from
the culture supernatant was taken from each well
and pipetted into another 96 deep well microtiter
plate containing 800 ml of 10 mM Na2HPO4/KH2PO4
buffer (pH 7.5) and 100 ml of the substrate dissolved
in dimethylsulfoxide (100 mM). After 24 h of
shaking at room temperature, the reaction solution
was extracted with ethyl acetate and screened by
electrospray ionization mass spectroscopy (ESI-MS)
(Reetz et al., 1999). Variants showing an improved
enantioselectivity were reanalyzed independently by
chiral gas chromatography. The corresponding mu-
tant genes were sequenced using standard T7-
promoter and T7-terminator primers (Medigenomix,
Martinsried, Germany).
Stability of Wild Type and Variant Lipases
The thermal stability of the enzymes was deter-
mined after expression of the wild type protein and
different variants in E. coli BL21(DE3) by incubation
of the enzyme-containing supernatants for 2 h at
458C. The residual enzymatic activities were deter-
mined spectrophotometrically using p -nitrophenyl-
caprylate as the substrate (Eggert et al ., 2000).
RESULTS AND DISCUSSION
Directed Evolution of BSLA using Iterative Cycles
of epPCR
Directed evolution was used to improve the en-
antioselectivity of BSLA in the asymmetric hydro-
lysis of meso-1,4-diacetoxy-2-cyclopentene with the
formation of chiral alcohols (Fig. 1). This reaction
does not constitute a kinetic resolution and can thus
be carried out to 100% conversion. Screening was
done by electrospray ionisation mass spectrometry
(ESI-MS) using the deuterium labeled pseudo-meso
substrate. The wild-type enzyme leads to an ee -value
of only 38% in favor of the (1R , 4S ) enantiomer (Fig.
1).
The initial strategy was based on random muta-
genesis of the lipase gene using epPCR with a low
mutagenesis frequency resulting in one amino acid
exchange per variant and subsequent high through-
put screening based on ESI-MS. In the first genera-
tion created by low error rate epPCR, about five
improved mutants were identified, the best one
resulting in an ee -value of 48% in the test reaction.
In parallel, the screening of a first generation
prepared by high error rate epPCR corresponding
to 2/3 amino acid exchanges per variant resulted in
five variants with ee -values up to 58% ee (Table I).
These variants parented a second generation of
mutants created by epPCR with high error rate.
The total number of second-generation libraries
contained 15 000 variants. Four enantioselective
lipase variants with enantioselectivities up to ee -
values of 69% were identified (Table I).
The best variants of the second generation li-
braries were used for a third round of epPCR.
Although 9000 variants were screened, variants
with a further improved enantioselectivity could
not be identified (Table II).
The DNA sequence analysis of the lipase variants
listed in Table I allowed us to identify ‘hot-spot
positions’ important for the enantioselectivity of the
enzyme. Further enzyme optimization was achieved
by saturation mutagenesis at the following amino
acid positions: Ile22, Tyr49, Asn50, Gln60, Leu124
and Gln164. Additionally, multiple site saturation
mutagenesis (MSSM) was performed at two regions
previously identified as being important for enan-
tioselectivity comprising amino acid positions
Asn50, Phe58 and Gln60 (MSSM1) and Ile157,
Leu160 and Gln164 (MSSM2). This round of muta-
genesis and screening lead to the identification of a
novel BSLA variant with inverted enantioselectivity
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(15% ee , rev.). The results of this directed evolution
approach are summarized in Fig. 2.
Biochemical Characterization of Enantioselective
Lipase Variants
In total, 14 enantioselective BSLA variants in the
asymmetric hydrolysis of the model substrate were
identified (Table I). However, after a third round of
epPCR mutagenesis, improved variants were not
obtained although about 9000 variants were
screened. This result suggested that the improve-
ment of BSLA enantioselectivity was either impos-
sible or was caused by otherwise deleterious
mutations. Therefore, we decided to compare en-
zyme activities and stabilities of the variants to those
of the wild-type enzyme.
The specific activities of improved BSLA variants
purified by phenyl sepharose chromatography (Eg-
gert et al. , 2000) were different from the wild-type
enzyme. However, all improved variants still
TABLE I Enzyme variants with improved enantioselectivity towards the model substrate
Generation (mutagenesis method) Variant ee [%] Amino acid exchange
wild-type 38 /
1st (low error rate epPCR) / 40/50 n.d.


















(saturation mutagenesis) Q60N 65 Q60N
Q60L 64 Q60L
(multiple site saturation mutagenesis) MSSM1 38/54 n.d
MSSM2 15 rev. n.d.
n.d./not determined.
TABLE II Distribution of active variants in the different epPCR generations
Generation epPCR method Active variants [%]1 Screened variants2 Max. ee [%]3
1st low error rate 85 1000 50
1st high error rate 60 4000 58
2nd high error rate 45 5/3000 69
3rd high error rate 10 3/3000 65/69
1percentage of lipolytically active BSLA variants tested in a pre-screening on tributyrin agar plates.
2number of active enzyme variants screened for enantioselectivity in the asymmetric hydrolysis of meso -1,4-diacetoxy-2-cyclopentene.
3maximum ee -values identified from screening.
FIGURE 2 Directed evolution of enantioselective B. subtilis
lipase. The mutagenesis methods used to evolve enantioselective
variants are indicated by different colors.
70 S.A. FUNKE et al.
showed enzymatic activity towards the standard
lipase substrate p -nitrophenyl caprylate indicating
that lipolytic activity itself was retained also after the
third round of random mutagenesis.
Additionally, the protein stability of selected
variants and the wild-type lipase was compared by
determination of their residual lipolytic activity after
incubation for two hours at 458C. The wild-type
lipase was stable under these conditions, but most
variants showed a decrease in lipolytic activity over
time, indicating a decreased stability at elevated
temperatures as compared to the wild-type enzyme.
A plot of the enantioselectivities of the lipase
variants versus their respective (thermo)stabilities
revealed a negative correlation: the higher the
enantioselectivities of the enzymes the lower were
their stabilities (Fig. 3). Variants G2-II-1C12, G2-II-
9E1 and G2-II-5E10 (see Table I) each containing
three amino acid substitutions were selected to
parent the third generation. Obviously, the muta-
tions present in these variants not only lead to an
increased enantioselectivity but also negatively af-
fected their stability.
These results suggest that, in contrast to larger
proteins of Mr]/30 kDa, small enzymes like BSLA
(181 amino acids, Mr 19.4 kDa) are generally more
susceptible to amino acid substitutions exerting a
negative effect on stability and activity. Enzymes of
smaller size have naturally been evolved as compact
structures as suggested by the crystal structure of
BSLA (van Pouderoyen et al. , 2001). A larger number
of amino acid substitutions therefore dramatically
increase the chance of causing negative effects on
their overall structure. As a consequence, directed
evolution of such enzymes should start with the
preparation of a high diversity first generation
library carrying a low number of mutations (1/2
amino acid exchanges per protein molecule). Ac-
cordingly, we observed that saturation mutagenesis
seemed to have a better potential to improve the
enzyme’s enantioselectivity against the model sub-
strate while maintaining its stability and activity as
seen for variants I22V, Q60L, Q60R, Y49C and N50S
(bold black letters in Fig. 3).
Directed Evolution of BSLA using Complete
Saturation Mutagenesis
Single base mutations as introduced by epPCR
cannot result in the creation of all theoretically
possible amino acid substitutions. The construction
of a mutant library containing all possible single
amino acid exchanges would be necessary to achieve
this ambitious goal. We have saturated every single
amino acid position in BSLA by separate saturation
mutagenesis of the codons encoding amino acids 1/
181 of the native enzyme. The mutant genes were
cloned and the enzymes were overexpressed in E.
coli . In this ongoing project, several different var-
iants with improved (ee -value of 65% in favor of
1S,4R ) and inverted (ee -value of 56% in favor of
1R,4S ) enantioselectivities towards the model sub-
strate (Fig. 1) were identified. Several BSLA variants
with improved specific activities were identified as
well. Interestingly, most of these variants proved to
be stable, presumably due to the low number of
amino acid exchanges per protein molecule (Funke
et al ., 2003).
FIGURE 3 Thermostability of wild-type and variant lipases. The residual lipolytic activities were determined after 2 h of incubation at
458C. The wild-type LipA protein was (thermo)stable under these conditions and its activity was defined as 100%. BSLA-variants showing
improved enantioselectivity and maintaining their stability and activity are highlighted in bold black letters.
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CONCLUSIONS AND FUTURE PROSPECTS
Directed evolution is a successful strategy to im-
prove enzyme properties such as specific activities,
substrate specificities or stabilities and optimize
biocatalytic processes (Petrounia and Arnold, 2000;
Zhao et al ., 2002). Additionally, it is a powerful tool
to create enantioselective biocatalysts (Reetz et al. ,
1997; Jaeger et al ., 1999; Liebeton et al ., 2000; Jaeger et
al ., 2001; Jaeger and Eggert, 2002; Reetz and Jaeger,
2002). Success depends on the effective combination
of different mutagenesis methods with efficient
screening or selection procedures. The quality of
the first generation library is of key importance
because its variants usually parent all subsequent
generations.
Although directed evolution works even without
any knowledge of an enzyme’s structure or reaction
mechanism (Petrounia and Arnold, 2000), a given
project may nevertheless turn out to be time-con-
suming and cumbersome. According to our experi-
ence, the knowledge of a three-dimensional protein
structure can significantly speed up a directed
evolution approach because it may allow the size
of the sequence space to be narrowed down. Despite
its value in identifying the spacial positions of
important amino acid residues, a crystal structure
itself does not reflect the time-resolved catalytic
reaction mechanism. Therefore, we have recently
started to simulate the BSLA-catalyzed substrate
hydrolysis by using combined quantum mechanical
and molecular mechanical calculations (QM/MM)
(Fig. 4). These computer calculations describe a
dynamic reaction by treating the active site residues
quantum mechanically, while the surrounding en-
vironment is simulated by a force field method
(Scho¨neboom et al ., 2002). BSLA is an ideal candi-
date enzyme for QM/MM calculations because it is a
small enzyme with a known crystal structure (van
Pouderoyen et al. , 2001).
Hopefully, this approach will result in a more
detailed understanding of the enzyme’s topology
and its changes in the course of the enantioselective
reaction. In the end, a structure and theory assisted
analysis of a directed evolution approach will facil-
itate the understanding of an enantioselective en-
zyme reaction and, at the same time, help to
accelerate the creation of enantioselective lipases
useful for industrial applications.
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